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ABSTRACT
Frequency dependent electromagnetic sensing (FDEMS) is 
a convenient and sensitive way to measure changes occurring 
in dielectric polymer systems. FDEMS measurements were taken 
o n  t h r e e  b a t c h e s  of F i b e r i t e  9 3 4  
tetraglycidylmethylenedianiline-diaminodiphenylsulfone (TGMDA- 
DDS) epoxies made in 1986, 1987 and 1988.
The effect of moisture on PMR-15 polyimide resin was 
monitored using FDEMS and 13C-NMR. Data was collected over 
time on samples exposed to a 45% RH enviroment at room 
temperature.
Thermogravimetric analysis (TGA) was used to determine 
kinetic parameters for the PMR-15 imidization reaction. The 
reaction order, activation energy and preexponential factor, 
were determined.
A 13C-NMR study was conducted to investigate BP Research 
Centre's report that a stable amide intermediate was detected 
with the technique.
viii
MONITORING ENVIRONMENTAL EFFECTS ON HIGH PERFORMANCE 
TETRAGLYCIDYLMETHYLENEDIANILINE EPOXY 
AND PMR-15 POLYIMIDE
CHAPTER I
FREQUENCY DEPENDENT ELECTROMAGNETIC SENSING
INTRODUCTION
Frequency dependent electromagnetic sensing (FDEMS) is 
a convenient and sensitive way to measure the changing 
chemical, physical, and rheological state of polymer resins. 
Impedance measurements can detect viscosity changes below 102 
and beyond 109 poise.1 The technique provides a continuous, 
non-destructive, in-situ method of monitoring reaction 
advancement, and detecting variations in cure due to handling 
history, age, and vendor batch. FDEMS is one of the few 
instrumental techniques capable of monitoring molecular 
properties in both the liquid and solid state.1 Since most of 
the findings presented in this paper are based on FDEMS, a 
brief discription of its theory and actual application, is in 
order.
BASIC THEORY (POLARIZATION AND IONIC MOBILITY)
All of the polymers and prepolymers that are discussed
2
in this thesis are of a dielectric nature. That is to say, 
they do not conduct electricity well, and, therefore, will not 
short out a capacitor. When a dielectric material is 
subjected to an electric field (E), generated by a capacitor, 
it becomes polar. The term polarization refers to the 
reorientation of bound charge within individual atoms and 
molecules. The charges try to line up with opposite charges 
on the capacitor plates. This charge orientation is displayed 
in figure 1.1.
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FIG. 1.1. CHARGE ORIENTATION OF RANDOM DIPOLES.
In addition to polarization, ionic mobility is observed 
in the material. Ionic mobility, or ionic conduction, is the 
actual migration of free ions towards the plates of opposite 
charge. A visual representation of this type of movement is 
presented in figure 1.2.
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FIG. 1.2. IONIC CHARGE MIGRATION IN AN ELECTRIC FIELD
Both polarization and ionic mobility effect the 
capacitance (C) . The phenomenon can be explained
mathmatically. The basic equation for capacitance is
C - Q/V [1]
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where Q represents the initial charge on the capacitor plates 
and V the potential difference. When a dielectric is added, 
the polarization and ionic mobility effects must be accounted 
for in the initial charge. The equation therefore becomes
Cd = (Q+P)/V [2]
where P is the needed correction factor.2 As the material 
undergoes physical and chemical transformations, the value of
P and, therefore, Cd, varies. As a result, capacitance
measurements become a convenient way to actively monitor a 
variety of changes occuring in polymers during cure.
5POLARIZATION MECHANISMS
Polarization within an electric field may arise from a 
variety of mechanisms. The observed polarization is 
equivalent to the summation of each individual process.4
P = P +P+P+Pc [3]e a o s *■ J
Electronic polarization (Pe) , is the displacement of electrons 
within atoms and/or ions. Similarly, atomic polarization 
(Pa) , is the movement of nuclei within the atoms and/or ions. 
Dipole, or orientation, polarization (P0) , arises from the 
orientation of permanent dipoles. Finally, interfacial, or 
space charge, polarization (Ps) , occurs in highly conductive 
materials containing localized accumulations of charge. All 
four types of polarization are illustrated in figure 1.3.4
No external field External field applied
__________   i * * * * +■■ »
.+ + + + + +
If
+ + -f-
F IG . 1 . 3 .  SCHEMATIC ILLUSTR ATIO N S OF POLARIZATIO N MECHANISMS.
(A ) ELECTRONIC AND ATOMIC DISPLACEMENT.
(B ) D IP O LE 'O R I-E N TA TIO N .
(C ) SPACE CHARGE.
FREQUENCY EFFECTS ON POLARIZATION AND IONIC MOBILITY
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The charges on the capacitor plates, and, therefore, the 
applied electric field, change sinusoidally. As the field 
changes, the polarizations and free ions change direction 
accordingly. At lower frequencies this is relatively simple, 
since plenty of time exists for the molecules to flip into the 
proper position. However, as the frequency increases, time 
becomes more limited. Eventually, the field alterations are 
so rapid that the various polarization mechanisms and ionic 
mobilities have too little time to reorient themselves. One 
by one, as the frequency is increased, they cease to 
contribute to the correction factor (P). Therefore, (P) gets 
smaller and the capacitance and conductance decrease.
The graph in figure 1.4 fully illustrates this 
phenomenon.4 It plots the relative permittivity, or relative 
dielectric constant, (er) , versus frequency. The dielectric 
constant is related to the correction factor by the equation
e r = < V C = 1+p/Q [4]
Since, in this case, the charge on the plates is constant, the 
graph is analagous to the change in the correction factor (P) .
7dielectric
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All the frequencies utilized in our FDEMS experiments are in 
the "power, radio and tv" range of the graph. This means that 
as long as Ifholecular movement is not restricted, all three 
polarization mechanisms and ionic mobility should be active.
ENVIROMENTAL EFFECTS ON POLARIZATION AND IONIC MOBILITY
Our laboratory is mainly concerned with the changes in 
a material over a given time, temperature, and pressure range. 
Given enough time, at certain temperatures and pressures a 
material will undergo physical and chemical transformations. 
Such changes enormously effect the freedom of movement of the
8molecules. For example, increasing the temperature might 
activate a polymerization reaction. This generates molecules 
so large, that their very size keeps them from orienting with 
the higher frequencies. In addition, the same increase in 
temperature could cause the solid material to melt, which 
would then increase the ability of the molecules to move. The 
measured capacitance and conductance values are dependent on 
the degree of movement that the combination of these factors 
allow.
Our purpose is to measure electrical changes in the 
material. Therefore, we ignore electronic polarization (Pe) , 
and atomic polarization (Pa) , which remain constant. They 
occur fast enough to keep up with the entire frequency range 
and are uneffected by changes in the molecular freedom of 
movement. Interfacial, or space charge, polarization (Ps) , is 
dealt with, but it is fairly rare. It occurs mostly with the 
lowest frequencies during melts. Dipole, or orientation 
polarization (P0) , and ionic mobility, are both greatly 
effected by the molecules freedom of movement and are usually 
present. Therefore, it is electronic changes resulting from 
these two phenomenon that we count on most when analyzing 
various enviromental effects on sample materials.
e' AND e"
The intensive geometry independent dielectric
9permittivity of a material is defined as a complex quantity.1
e* = e ’-ie" [5]
Its real component (e1) is the relative permittivity, or 
dielectric constant, referred to earlier. The imaginary 
portion (e") is called the dielectric loss factor. It arises 
from energy lost due to time-dependent polarization and ionic 
conduction.5
By using the measured values of capacitance (C) and 
conductance (G) , the measured permittivity and loss factor can 
both be calculated. The necessary equations are
e 1 = Cj/C and e” = Gd/C2nf [6,7]
where f is the frequency, C is the capacitance of air, and the 
subscript d refers to the measured values on the dielectric 
material.6
Mathmatical proofs for equations 6 and 7 begin with the 
expression for current. The current (Id) of any system, 
consisting of a dielectric material placed across a parallel 
capacitor, which is connected in series to a resistor, is7
Id = i27rfCdV [8]
where
Cd = e*C [9]
Substitution of equation [5] into [9] and then equation [9] 
into [8] yields.
Id = i27rfe*CV [10]
and
Id = i27rf (e'-e")CV [11]
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Equation 11 simplifies to the- form
Id = 27rfCe"V + i27rfCe ' V [12]
The mathmatical expression of Ohm's law using impedance is
V = IdZd (or) Z_1d = Id/Vd [13]
where Z is the impedance, or total resistance, of the 
circuit.7 The impedance of the system, using equation 12, 
therefore, becomes
Z'1d = 27rfCe" + i27rfCe' [14]
Impedance is related to conductance by the equation1
Z’1d = G + V V  [15]
Equations 14 and 15, when set equal to each other, yield
27rfCe" + i27TfCe' = Gd + iyv [16]
Substituting equation 8 into the right hand side of equation 
16 gives
27rfCe" + i27TfCe' = Gd + i27rfCd [17]
(or)
i27TfCe' - i27rfCd + 27rfCe" - Gd = 0 [18]
By separating the imaginary and real components of equation 
18 and equating them to zero, determinations of e' and e" can 
be made.
i27rfCe'- i27rfCd = 0 and 27rfCe" - Gd = 0 [19,20]
(or) (or)
e' = eye and e" = G^TTfC [6,7]
These final equations allow e 1 and e" values to be calculated 
from measurements of capacitance and conductance.
11
e”*w
Both the real and imaginary parts of e* have components 
arising from dipolar and ionic mobility.1
e 1 = e'j+e'j and e" = e'^ +e",- [21,22]
The loss factor is related to the ionic conductivity (a) , 
relaxed permittivity (erel) and unrelaxed permittivity, (eun) , 
by the following expression.6
(erel-eun)WT °
e"  -------------- + --- [23]
1 + (wr)2 we0
The variable w is an abbreviation for 27rf, r is the dielectric 
relaxation time, and e0 is the permittivity constant of free 
space, equal to 8.854 * 10‘12 Farads/meter. The first term in 
the equation represents e"d and the second e",..
Rearranging the equation yields
(erel"eun)w2T °
e"*w  --------------+ ---  [24]
1 + (wr)2 e0
This removes the frequency dependence of the ionic mobility
term. A plot of e"*w versus time for various frequencies
will, therefore, identify regions where the material's
viscosity is such, that dipolar effects cease and ionic
mobility predominates. At such times, the first term of
equation [11], which is a measure of dipolar polarization,
becomes insignificantly small in comparison to the second
term.
12
(e rel-eun)w2r a  < «   [25]
1 + (w t ) e0
The conductivity is then related to the loss factor by the
expression
e"*w = a/eQ = some constant [26]
To reexpress this idea in simpler terms, when both dipolar and 
ionic mobility are present, e"*w will vary with frequency. 
However, when ionic mobility dominates, e"*w becomes frequency 
independent.
MONITORING VISCOSITY WITH e»»W
Two techniques currently exist to monitor viscosity (j|) 
with FDEMS measurements. The first involves ionic mobility 
(a) and the second dielectric relaxation time (t ) . Both 
techniques require mechanical correlations with viscosity 
measurements obtained by some other technique. Usually these 
viscosity values are determined using a rheometer.
Overlapping frequency lines in e”*w plots directly 
measure ionic mobility (see previous section). With the 
progression of a polymeric reaction, ionic mobility drops and 
viscosity increases. The relationship which exists between 
the two quantities varies with individual polymer systems. 
Figure 1.5 shows a sample plot of ionic mobility and viscosity 
versus alpha, the degree of reaction.
DOW EPOXY RESIN
SIGMA. ETA vs. ALPHA
121 C ISOTHERM (50 Hz, smplta)
+  SIGMA A ETA
10
10
10-n E—  
0.00
10-
1.000.800.600 .400.20
Alpha
FIG. 1.5. IONIC MOBILITY AND VISCOSITY VERSUS ALPHA.
Correlation of the ionic mobility and viscosity parameters for 
the individual polymer systems, allow viscosity determinations 
to be made using FDEMS measurements. Figure 1.6 correlates 
the a and n values presented in figure 1.5.
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DOW EPOXY RESIN
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if*  8KSM A
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Eta
FIG. 1.6. IONIC MOBILITY VERSUS VISCOSITY.
Similarly, dielectric relaxation time (r) can be used to 
measure viscosity. A peak in e”*w at a set temperature and 
frequency represents the point of maximum relaxation time for 
the resin at that frequency. The value of the relaxation time 
at these points equals l/2irf. Since our laboratory usually 
sweeps twelve frequencies, twelve relaxation times are
15
determined. As with ionic mobility, a definite relationship 
exists between relaxation time and viscosity. For polymeric 
reactions, relaxation time increases as viscosity decreases. 
Once again, the relationship between the two quantities varies 
with individual systems. Figure 1.7 shows a sample plot of 
relaxation time versus viscosity.
DOW EPOXY RESIN
TAU VS. ETA
149 ISOTHERM (small plates)
+
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3 4 0 500180100 260 420
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This correlation provides a second way to actively determine 
viscosity from FDEMS measurements.
ANALYSIS USING LOG e"*W
Plots of log eM*w versus time and temperature, for 
various frequencies, yield a wealth of knowledge about the 
curing processes of polymer resins. Figure 1.8 shows an 
isothermal taken on a resin supplied by General Dynamics.
3502*
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FIG. 1.8. ISOTHERMAL OF 3502 GENERAL DYNAMICS RESIN.
T
E
M
P
E
R
R
T
U
R
E
 
(deg. 
C)
17
Notice that during the first. 15 minutes the frequency lines 
are packed closely together. This signifies the dominance of 
ionic conduction in the system. As the resin cures, the 
viscosity increases, and the mobility of ions is severely 
hampered. Dipolar effects become the dominant force, as shown 
by a continual seperation of the frequency lines throughout 
the hold. Drops in log e"*w indicate increases in viscosity 
and correlations can be made for individual systems (see 
previous section). Throughout the hold log e"*w drops 
indicating an increase in viscosity due to polymerization. 
Dipolar peaks (points of maximum relaxation time) appear in 
all the frequencies between 18 and 40 minutes. Thermal 
melting and degradation can also be seen in graphs of log 
e"*w. Both of these processes decrease viscosity, so they 
would appear as increases in the graph.
INSTRUMENTATION
The capacitor utilized in these experiments is a 
commercially available, disposable, geometry independent 
microsensor, developed by Dr. David E Kranbuehl. It consists 
of two planar, interdigitated comb electrodes, made of noble 
metals and mounted on a high temperature ceramic. A front 
and side view of the microsensor is presented in figure 1.9.
18
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nHa
FIG. 1.9. MICROSENSOR WITH INTERDIGITATED COMB ELECTRODES.
The sensor is able to withstand temperatures in excess of 400C 
and pressures of 1000 psi.1 It measures the entire range in 
magnitude, from 10'2 to 108, of both e' and e" continuously 
throughout the cure cycle.1 Measurements across the sensor 
are taken by Hewlett Packard or Solartron impedance bridges. 
Data is normally obtained on the following frequencies; 5Hz, 
50Hz, 125Hz, 250Hz, 500Hz, 5KHz, 25KHz, 50KHz, 250KHZ, 500KHZ, 
1MHz, 5MHz. This range was selected emperically to detect 
changes occuring in polymer systems. Thermal environments are 
regulated with a conventional oven or heat press, and the 
temperature measurements are aquired using wire thermocouples. 
The entire system is controlled by a software package which 
has been developed to work with Hewlett Packard and IBM "PC 
type" computers.
19
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CHAPTER II
TGMDA-DDS EPOXY RESIN
INTRODUCTION
Epoxy resins show more versatility than any other 
commercially available material used for composite 
applications.1 Depending on the resin, crosslinking agent, 
and cure cycle, it is possible to obtain thermal, chemical and 
solvent resistance, toughness, flexibility, strength, 
hardness, resistance to creep and fatigue, strong adhesion, 
along with excellent electrical properties.1 Their chemical 
and physical properties are ideal for fabricating fiber 
reinforced composites. Such composites are of enormous value 
to industry, the military and NASA, due to their strength, 
light weight, and temperature resistance. Currently, the most 
popular epoxy for making aerospace hardware is 
tetraglycidylmethylenedianiline (TGMDA). The first sections 
of this thesis deal with work done on three samples of a 
Fiberite 934 TGMDA-DDS thermosetting epoxy resin.
Composites made from tetraglycidylmethylenedianiline- 
diaminodiphenylsulfone (TGMDA-DDS) resins are very heat
20
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resistant. Their temperature capabilities permit sustained 
use between 190 and 205C.1 The light weight and strength of 
these materials is clearly shown in table 2.1 It compares the 
cured TGMDA-DDS epoxy in carbon, glass and polyaramid fiber 
matrixes with various metals.
Table 2.1
Material Density
g/cm
(undirectional strength)
Tensile
MPa
Compressive
MPa
Tensile
GPa
Carbon(AS4) 1.53 1482 1227 145
Carbon(HMS) 1.63 1276 1020 207
S-glass 1.99 1751 496 59
E-glass 1.99 1103 490 52
Aramid 1.38 1310 290 83
Aluminum 2.76 572 69
Titanium 4.42 1103 114
Steel 8.00 1241-1379 207
Notice that the carbon fiber reinforced matrixes, by far the 
most commonly used reinforcements, are approximately 1/5 the 
density of steel, yet compatible in tensile and compressive 
strength.
CHEMISTRY
Epoxies are characterized by an oxygen bonded to two 
bonded carbon atoms. Usually this function appears in the 
form of the glycidyl group:
22
O
/\
H2c  CH CH2--------
FIG. 2.1. THE GLYCIDYL GROUP
which is attached to the rest of the molecule by an oxygen, 
nitrogen, or carboxyl linkage.1 The principal curing 
mechanism is a reaction between the epoxide group .and a 
compound with reactive hydrogen atoms.
A / R . i i
R’ —  H + c  C --------------------------------- R'-------c ---- C —  R
/  I
FIG. 2.2 PRINCIPAL EPOXY CURING MECHANISM
Curatives are mixed in varying amounts to optimize the desired 
properties. In calculating the ratio of curative necessary, 
each reactive hydrogen is considered to react with one epoxy 
group. Primary and secondary amines, carboxylic acids, 
mercaptans, and phenol, are all good choices for the curing 
agent. Of these, the amines are by far the most predominate.1
Often catalysts are employed to accelerate the cure. 
Boron triflouride amines, usually in the monoethylamine form
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(BF3-MEA) , are the most common.
F
F B:NH2 CH2  CH3
I
F
FIG 2.3. BF3-MEA
These molecules increase the cure rate by generating a 
cationic homopolymerization which works alongside the usual 
amine/epoxide reaction.2
R3N:BF3 + H2C -C H  — FT ^
R3N...BF3o  O
H2C -C H  —  R + nH2C ~ CH —  R'  ►
I f3(0— CH2— CH)n q  ...NR3
H2C -C H — -R*
FIG. 2.4. CATIONIC HOMOPOLYMERIZATION CAUSED BY 
BORON TRIFLOURIDE AMINES
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The use of catalysts increases both the Tg and the pot life 
of the composite. Some complexes utilizing BF3-MEA remain
The subjects of this investigation were three samples of 
Fiberite 934 TGMDA-DDS epoxy, supplied by General Dynamics. 
The structure of TGMDA is displayed below.
FIG.2.5. TETRAGLYCIDYLMETHYLENEDIANIL1NE (TGMDA)
ALSO CALLED
N.N.N'.N’-TETRAGLYCIDYL^^'-METHYLENEBISBENZENAMINE 
ALSO CALLED
TETRAGLYCIDYL -4,4'-DIAMINODIPHENYLMETHANE (TGDDM)
Diaminodiphenylsulfone (DDS) is its usual crosslinking agent,
usable after 6 months.
O 
/ \
h2c — c h c h2
o 
X \
ch2c h — c h2
H2C —  c h c h2 
o
ch2ch — ch2 
\  /  
o
employed either with or without the BF3-MEA catalyst.3
O
FIG. 2.6. DIAMINODIPHENYLSULFONE (DDS)
Again the primary reaction occurs between the amine hydrogens 
and the epoxide (glycidyl) groups.
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o 
✓ \
c h 2c h — c h 2
c h 2c h — ch2
\ / o
H2N' r\
0
1
o
V  / nh2
c h2 r\ c h 2-c h o h -c h 2-nhN o
FIG. 2.7 CROSSLINKING REACTION OF GLYCIDYL GROUPS WITH DDS.
TGMDA is a liquid at room temperature and DDS is a 
crystalline solid with a melting point of 162°C.4 When mixed, 
they form a sticky brown paste bearing considerable 
resemblance to caramel candy. As will later be shown, a large 
acceleration in the exothermic reaction between the two begins 
around 12OC.
The commercially available prepreg resins Narmco 5208, 
Fiberite 934, and Hercules 3501-6 and 3502 are all TGMDA-DDS 
resins. Both Fiberite 934 and Hercules 3501-6 contain the 
boron triflouride catalyst.4 Small quantities of a second 
resin can be added to maximize processing properties. Table 
2.2 shows the components Fiberite 934 TGMDA-DDS prepregs.3
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Table 2.2
chemical constituents in prepreg epoxies
constituent %wt Fiberite 934
TGMDA
DDS
Diglycidyl orthophthalate epoxy 
BF3:amine catalyst
64
25
11
0.4
Small amounts of acetone are occasionally used as a mixing 
agent for the BF3-MEA.5
FDEM8 DIELECTRIC STUDY
A FDEMS study was financed by General Dynamics comparing 
three batches of Fiberite 934 epoxy resin. All batches were 
supplied by General Dynamics and stored, as per instruction, 
in a freezer below -18C.6 Batch numbers C77-088, E0119, and 
C88-0421, were produced in February 1986, February 1987, and 
March 1988 respectively. The investigation's objective was 
to detect any variations in the resins' polymerization or 
processing properties arising from their individual 
manufacture and handling histories. No information was 
supplied, with exception to the age of the samples, explaining 
why the resins might differ.
Resin samples were removed from the freezer whenever 
necessary for FDEMS experimentation. Out times for the 
individual batches were carefully recorded to insure they 
stayed within the maximum exposure time of two days.6 A
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portion of each resin batch was broken away with the intention 
that it remain untouched. This was done as a preventative 
measure against any possibility that the handled resins might 
become contaminated.
To simulate industrial handling, each sample removed for 
FDEMS experiments was aged 24 hours in a 45% RH (relative 
humidity) enviroment. Such an enviroment was created by 
placing a saturated solution of chromium trioxide in an air 
tight, grease-sealed desiccator at room temperature.
The thermal enviroments chosen for the FDEMS study are 
listed in the table below.
Table 2.3
Thermal enviroment Description
Cure Cycle (1) Ramp at 2C/m‘in to 121C,
hold at 121C for 1 hour, 
ramp at 2C/min from 121C to 177C 
hold at 177C for 4 hours
Isothermals (1) 121C for 2 hours
(2) 137C for 2 hours
(3) 177C for 4 hours
Ramp-up (1) 2C/min to 300C
The cure cycle was chosen to duplicate the actual cure process 
used by General Dynamics on the Fiberite 934 TGMDA-DDS resin. 
The state of the resins during the principal cure holds was 
looked at more closly by running isothermals at 121C and 177C. 
Another isothermal was done at 137C since, as will later be 
shown, large scale polymerization is noticed to occur at this
28
temperature in the cure cycle. Finally, 2C/min ramps to 300C 
were run to better observe rates of reaction and see how the 
resin batches compared above 177C.
The reproducibility of FDEMS measurements on the various 
epoxy batches was demonstrated by duplicating experiments done 
in various thermal enviroments. Figure 2.8 shows data taken 
on two seperate samples of 1986 Fiberite 934 epoxy.
isee epoxy - cure cycle
VMnciaaiaa a a
laaa.a
ua
a.t
taa
a.a
4 .1
S .4
8 .7
a
•  8 7 .4  7 4 .B l i t  is a  1B7 a t4  8 I (  888 887 874
1S86 EPOXY - CURE CYCLE
&fiC.fcAi2CL EAi
TIME (alnutt*)
8 7.4  74.8  118 ISa 187 884 8B( 8 (8  837
TIME (■t.nutaa) *
FIG. 2.8. TWO 1986 FIBERITE 934 CURES SHOWING REPRODUCIBILITY.
These two runs are representative of the other duplicated 
experiments, and demonstrate a consistancy within 10%. It was 
noted, however, that extreme care had to be taken in 
controlling the thermal enviroment. Variations as small as 
two degrees celsius produced large scale shifts in the data.
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RESULTS OF FDEMS STUDY
Figure 2.9 is a characterization run of the 1988 Fiberite 
934 epoxy using the General Dynamics cure cycle.
1988 EPOXY - CURE
200RC092888 P r o b *  *  2
8.3 180
7.6 160
6.8
I 6.2
\
C 9.9
120 n
100 ^
13
O  4.8
-J
80
60
3.4 40
20
0 37.4 74.6 112 150 187 224 262 298 337 374
TIME (minutes)
FIG. 2.9. 1988 FIBERITE 934 CHARACTERIZATION CURE.
The rise seen in log e'**w up to 121C is due to thermal 
melting. This phenomenon is held constant during the 60 
minute hold. The subsequent drop in log en*w is best 
attributed to the onset of polymerization. When the 
temperature is ramped up a second time at 105 minutes, melting 
is once again observed. 135C represents a key point on the
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graph. It is at this temperature that polymerization takes 
on a larger role in the resin* s viscosity than melting. 
Though the temperature continues to be ramped up to 177C, 
polymerization raises the viscosity of the sample and drives 
e'**w down. The flattening out of e***w during the 177C hold 
signifies that the polymerization process has gone to 
completion at this temperature and reactions have therefore 
shutdown.
The cure cycles and ramps for the 1987 and 1988 epoxy 
batches, shown in figure 2.10, appear nearly identical.
1987 EPOXY - CURE
9CS32999 ♦  I
2M
129
29
2
127 214 2>2 299 337 374■ 3 7 .4  7 4 .9  I I I
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3299 0 9 2 4 9 9  P r M .  4 I
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7 .9 299
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9 .4 9  19.9  2 9 .4  3 7 .9  4 7 .3  9 3 .7  3 9 .2  7 9 .3  ( 9 .1  9 4 .9
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I
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2S~C KH«.
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Examination of the 1986 batch demonstrates a higher viscosity 
throughout the 121 hold, and a lower viscosity when the 
polymerization reaction shuts down in the 177C hold. Figure 
2.11 compares the data taken for the 1986 cure at 125 Hz to 
that of the 1987 and 1988 cures.
FIBERITE 934 CURES RT 125Hz
9 250
8.3 225
7.6 200
175 n 
2  
“0
150 □
6.9
6.2
125 Z!5.5
1004.8
754.1
CO
503.4
252.7
2
0 37.4 74.8 112 150 187 224 262 299 337 374
TIME (minutes)
FIG. 2.11. CURES OF THE 1986, 1987 AND 1988 BATCHES OF FIBERITE
934 AT 125 Hz.
Comparison of the ramps verifies the previous observations 
made of the cure. Figure 2.12 gives this data for 125 Hz.
L
O
G
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FIBERITE 934 RRMPS RT 125Hz
-i 288
2567.6
224 m
3
* i 192 □
160
128
Q_; 96
CD
643.4
322.7
9.45 18.9 28.4 37.8 47.3 56.7 66.2 75.6 85. 1 94.50
TIME (minutes)
FIG. 2.12. RAMPS OF THE 1986, 1987 AND 1988 BATCHES OF FIBERITE
934 AT 125 Hz.
The 1986 batch remains less fluid until 160C when the 
polymerization reaction is seen to cause a rapid drop in log 
e"*w. The 1987 and 1988 batches, either due to increased 
polymerization or crosslinking, then obtain a higher degree 
of hardness. A similar trend, on a smaller scale, is observed 
in figures 2.11 and 2.12 for the 1987 batch. However, in this
33
case the differences with the 1988 fresh batch are to close 
to our margin of error to be definite.
Data taken by Melanie Hoff, for Dr. Kranbuehl in 1987, 
demonstrate that the 198 6 and 1987 batches were slightly 
different one year ago. The differences suggest that the 1986 
batch was actually slightly less viscous than the 1987 batch 
during the 121C hold. This implies that major changes have 
occured in the 1986 resin within the last year.
CONCLUSIONS
FDEMS is a convenient and sensitive way to accurately 
measure changes incurred by Fiberite 934 epoxy resin due to 
various handling histories. FDEMS measurements show that two 
years appear to exceed the maximum freezer storage 
capabilities of Fiberite 934. The 1986 batch shows lower 
fluidity during the 121C hold and becomes a less viscous 
product after final cure at 177C. One possible explanation 
for this phenomenon is the occurance of precuring in the older 
1986 sample. The resulting longer molecules would show less 
initial fluidity and would have varying effects on the degree 
of polymerization and crosslinking occuring in the final cure.
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CHAPTER III
PMR-15
INTRODUCTION
Problems due to water absorption reduce the maximum 
continuous use temperatures of epoxy resins to around 130C.1 
Many applications for polymer composites exist which require 
thermal stability at substantially higher temperatures than 
this? aero-space and military aircraft engines are two prime 
examples.1 The rising demands by NASA and industry for 
stronger, more thermally resistant parts, have led to the 
developement of polymeric options to epoxy resins.
One major advance has been the use of polyimide systems 
which cure by an addition reaction. Like TGMDA epoxies, the 
polyimides contain aromatic units in their main chain which 
greatly increase their thermal and thermooxidative stability. 
Hereafter, the term polyimide can be assumed to mean aromatic 
polyimide.
PMR-15 is an aromatic thermosetting polyimide resulting 
from the high temperature reaction between the monomethyl 
ester of 5-norbornene-3,31-dicarboxylic acid (NE), the
35
36
dimethyl ester of 3,314,41-benzophenone tetracarboxylic acid 
(BTDE), and 4,4'-methylene dianiline (MDA). The molar ratio 
for mixing the monomers is;
2(NE) : 2.087(BTDE) : 3.087(MDA)
This ratio was chosen to maximize thermo-oxidative stability 
and processing characteristics.2 PMR is an abbreviation for 
the process of in-situ "polymerization of monomer reactants” 
and 15 refers to the polymer's average molecular weight of 
1500.
The manufacture of PMR-15 composite parts is accomplished 
by mixing the three solid monomers in a low boiling alcoholic 
solvent. This generates a sticky fluid, ideal for
impregnating reinforcing fibers. It is assumed that the 
solvent can be totally driven off at low temperatures before 
any chemical reaction takes place. The monomers then react 
in-situ with elevated temperature and pressure to form the 
hard crosslinked polyimide system. Because the final reaction 
occurs without the release of volatiles, high quality, uniform 
composites can be fabricated.
PMR-15 is currently the resin of choice for high 
temperature applications. Tests performed on it and similar 
resins, such as LARC-TPI, have shown long-term stability up 
to 316C.3 Like all materials, however, it demonstrates
various shortcomings. Vaporization of the solvent combined 
with volatiles that are released during polymerization, can 
create voids in the cured parts. In addition, the polyimide
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is succeptible to microcracking due to thermal cycling. Both 
these defects are greatly effected by the cure cycle used to 
process the material.1
CHEMISTRY
The three initial monomers of the PMR-15 reaction are 
shown below.
0 
II
C —  OH 
C —  OCH3
II 
0
NE
MDA
FIG. 3.1. THE PMR-15 MONOMERS
Polyimidization occurs at varying degrees between room 
temperature and 200C. The resulting long-chain polyimides 
then crosslink, above 200C, through a reverse Diels-Alder 
reaction.1 Figure 3.2 illustrates the general reaction 
sequence of PMR-15.
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FIG. 3 2. THE GENERAL REACTION SEQUENCE OF PMR-15
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IR and 13C-NMR studies have demonstrated that NE imidizes 
with MDA quicker and at lower temperatures than BTDE.4 Nadic 
imide (NE-MDA) and bisnadimide (NE-MDA-NE) are formed even at 
room temperature.4 The bisnadimide cannot undergo further 
imidization and, therefore, remain inactive until crosslinking 
begins. Nadic imide chains, however, can react further with 
BTDE and MDA as the temperature is increased. Termination 
finally occurs by reaction with another NE or nadic amide 
unit. The final result is a mixture of long and short chains 
which become crosslinked later in the cure process.
Although a great deal of research has been conducted on 
PMR-15, few specifics on the curing mechanisms are actually 
known. Considerable debate exists over the presence of stable 
amide intermediates in the imidization process. Some recent 
investigations have even suggested the presence of an 
anhydride intermediate.5,6 Furthermore, the exact nature of 
the retro Diels-Alder crosslink remains unresolved.
FDEMS STUDY
U.S. Polymeric supplied four pints of uncured PMR-15 
resin stored in 50% ethanol. The ethanol was removed from 
samples of the resin by using a rotovap at room temperature. 
A FDEMS study was then conducted on dry samples over the 
typical NASA cure cycle. The cycle consists of a ramp to 8 0C, 
a 60 minute hold, a 1.5 C/minute ramp to 2 00C, a 45 minute
hold, a 1.5 C/minute ramp to 315C, and a final 180 minute 
hold. Figure 3.3 displays data from the FDEMS experiment over 
twelve frequencies.
PMR W/0 ETHRNOL
40010
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FIG. 3.3. FDEMS CURE OF DRY PMR-15.
The imidization reaction is seen to proceed at temperatures 
as low as 3 0C. An immense acceleration in the reaction 
process is observed above 80C. The 45 minute hold at 200C
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essentially drives this imidization reaction to completion. 
When the temperature is raised once again, log e"*w increases 
due to thermal melting. Thermal melting occurs throughout the 
initial stages of the cure. However, it remains unobserved 
until this point because the imidization process drives the 
viscosity down in spite of its presence. Just before the 315C 
hold log e"*w moves downward again. Crosslinking is known to 
occur above 275C.3 This phenomena hardens the resin, driving 
up the viscosity and, therefore, causing a reduction in log 
e"*w.
EXPOSURE AGING STUDY
Samples of the uncured PMR-15 resin in 50% ethanol were 
exposed to a 45% RH enviroment for one month. The relative 
humidity was maintained by placing the samples in an air tight 
grease-sealed desiccator at room temperature. 13C-NMR and 
FDEMS data taken on the samples at various times demonstrate 
distinct changes in both the structure and processing 
properties of the resin.
Table 3.1 displays the changes in the carbonyl peaks 
which occured in the 13C-NMR data.
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By day 16 the unreacted NE acid/ester carbonyls have totally 
disappeared. Simultaneously, nadic imide carbonyls are 
detected. Apparently, the NE monomers have reacted with MDA 
to form imides. This is to be expected since the NE-MDA 
reaction is known to proceed slowly even at room temperature.4
Of more interest, is the partial disappearance of BTDE 
acid/ester carbonyl peaks. Between day 0 and day 28 these 
peaks are reduced from seven to three. Hydrolysis of the BTDE 
esters, due to the moisture content in the air, is one 
plausible explanation. As the esters turn into acids, fewer 
distinct types of carbonyls become possible and, therefore, 
fewer peaks would be observed. Visual experiments support 
this theory. When dry BTDE crystals are exposed to air, at 
room temperature, they turn into a thick paste within just a 
few minutes. Theoretically, when all the esters have changed 
to acid only two peaks will be left. Day 28 is close to this 
point with three types of BTDE ester/acid carbonyls present.
A similar 13C-NMR study was conducted by Dr. Kranbuehl's 
lab in 1986. PMR-15 monomers mixed in methanol were stored 
at 0% RH and 90% RH. The 0% RH and 90% RH enviroments were 
created using CaCl2 and a saturated solution of ZnS04 
respectively. Table 3.2 and 3.3 gives the experimental 
results.9
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This past study verifies the disappearance of the NE 
acid/ester carbonyls, the emergence of nadic imide carbonyls, 
and the drop in BTDE acid/ester carbonyl peaks.
Comparison of the current study with that done in 1986 
illustrates that the rate of nadic imide formation varies with 
storage humidity. The more moisture present in the 
enviroment, the faster the imidization occurs. It is not 
until day 56 that the NE acid/ester carbonyls are totally 
replaced by nadic imide carbonyls at 0% RH. However, this 
process is completed between 10 and 20 days for 45% RH and 90% 
RH.
Similarly, the BTDE acid/ester carbonyls reduce at a 
faster rate in higher humidities. At 0% RH these peaks reduce 
from 7 to 3 in 56 days, whereas it takes 28 and 2 days for 45% 
RH and 90% RH, respectively. Increases in the rate of BTDE 
acid/ester peak reduction with increased amounts of moisture 
further supports the idea of ester hydrolysis.
FDEMS cures of wet PMR-15 samples, aged at 45% RH, were 
also conducted. Figure 3.4, 3.5 and 3.6 show FDEMS data,
taken over 12 frequencies, for days 0, 2 and 4. Figure 3.7 
compares the 125 Hz data for the same three runs.
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Notice that in the initial stages of the cure, the samples 
which had longer exposure to the 45% RH enviroment gave lower 
e”*w values. This means that the viscosity of the systems 
increased. Visual observations of the uncured samples 
corroborate a loss of flow in the uncured resins with exposure 
time. Partial precuring, due to the NE-MDA reaction proceding 
at room temperature, helps explain this change. In addition, 
lower viscosities might result from ethanol evaporation over 
time.
TGA STUDY
Thermogravimetric analysis (TGA) can be used to asess the 
relative thermal stabilities of polymers and monitor their 
decomposition. For certain systems, TGA also provides a 
convenient way to determine kinetic parameters.10 In this 
study, TGA is used to monitor the PMR-15 imidization reaction 
and shed light on its reaction order. The usual method, using 
differential scanning calorimetry (DSC) to monitor heat 
change, was found to be ineffective. The imidization reaction 
is exothermic, while evaporation of the methanol and water 
products is endothermic. These opposing heat changes cancel 
each other out and, therefore, limit the information which can 
be obtained using DSC.
Past data taken by Dr. Kranbuehl, and the 13C-NMR study 
discussed previously, suggest that the imidization reaction
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does not have a stable amide intermediate.7 Therefore, when 
MDA reacts with either NE or BTDE, a nearly simultaneous 
release of water and methanol results. By monitoring the 
subsequent weight loss over time and temperature, the rate of 
imidization can be obtained.
TGA experiments were conducted on dry PMR-15 samples at 
80C, 120C, 160C, and 200C. Plots of the % weight loss versus 
time for these runs are shown in figures 3.8 through 3.11.
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Residual % weight losses were taken by reramping the samples 
to 200C and holding them there for approximately two hours. 
The % weight loss and the residual % weight loss for each run 
were then added to obtain the total % weight loss. Table 3.4 
gives the results for each TGA experiment.
Table 3.4
TGA temp. % wt. loss % residual loss total % loss
80C 9.28 10.59 19.87
120C 18.85 2.84 16.69
160C 15.14 2.68 17.82
200C 18.37 ---- 18.37
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The average total % weight loss was 18^19, which compares very 
well to the theoretical value of 17.07%.
The degree of cure, or the degree of conversion, (a) is 
calculated by the equation
a = % wt. loss / total % wt. loss 
Figure 3.12 presents the plots made of alpha versus time for 
each temperature. The theoretical, instead of the
experimental, % total weight loss was used in calculating a. 
Therefore, the 200C run actually shows alpha points above one.
1
.9
8 Izoc
.7
.6
.5
4
3
2
. 1
140 210 280 350 420
TIME (MINUTES)
0 70 490 560 630 700
FIG. 3.12. ALPHA VERSUS TIME AT 80, 120, 160 AND 200C.
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As would be expected, increases in temperature create 
increases in the reaction rate. In addition, the a versus 
time plots prove that imidization proceeds further and shuts 
down sooner with higher temperatures.
The rate equation for a reaction has the general form
dc/dt « K(l-a)"
where t stands for time, K is the reaction rate, and n is the 
reaction order.4 Taking the natural log of both sides of the 
equation yields
ln(dcr/dt) = nln(l-a) + InK 
A plot of ln(da/dt) versus ln(l-a), therefore, yields a slope 
equal to the reaction order (n) . Figures 3.13 through 3.16 
plot ln(da/dt) versus ln(l-a) for 80C, 120C, 160C and 200C.
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The ln(da/dt) versus ln(l-a) plots exibit slopes of 5 ±
.58 for 80C, 2.8 ± .41 for 120C, 3.9 ± .5 for 160C, and 2 ±
4
.06 for 200C*. The experimental procedure would, most likely, 
add an even larger error range than the reported systematic 
errors. It should also be noted that three initial points are 
ignored in figuring the slope of the 80C run. The
nonconformity of these points, and the high % total wt. loss 
for the run, suggest that a small amount of alcoholic solvent 
might still have been present in the test sample.
The average reaction order is 3.43. Therefore, the
reaction intermediates would probably involve at least three 
molecules. Figures 3.17 and 3.18 show two possible mechanisms
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which support this. The first is a nucleophilic attack - 
displacement pathway, while the second proposes the formation 
of anhydride intermediates.11,12 Infrared spectroscopy studies 
have noted considerable anhydride formation in PMR-15.12
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Note that in both mechanisms at least two amines are involved 
in the nitrogen reactions with the acid/ester carbonyls. 
Therefore, theoretically, the rate equation would be expressed
da/dt = k[ amine]"2 [ester]
The total reaction order would then be >3. The easiest way 
to verify this expression would be to measure the effects of 
varying imide and acid/ester concentrations on imide 
formation. The magnitude of the change in imide formation 
with respect to changes in each starting material, would yield 
the relative reaction orders. However, the fact that this 
imidization is a polymerization reaction, makes the process 
more complicated. Model compounds would have to be used.
An earlier NASA study, conducted by Richard Lauver 
assumed the imidization reaction was first order.13 Imide 
formation was monitored by infrared spectroscopy. The 
activation energy (Ea) , along with the Arrhenius 
preexponential factor (A) , were then determined using an 
Arrhenius plot of InK versus 1/temperature. The values were 
found to be 24 ± 6 kcal/mole and 1.4*107 sec'1, respectively. 
The TGA experiments reported here do not support the premise 
of a first order reaction. Since the activation energy and 
preexponential factor were found using this assumption, they 
too are suspect.
The TGA study supports a complex reaction with an order 
approximately equal to three. Assuming the reaction order to 
be three, and the relative orders to be two and one, the rate
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equation becomes
d[imide]/dt = [ amine] 2[ester]
This equation can be reexpressed in terms of alpha. Since 
the initial concentrations of amine and ester are equal, and 
one of each dissapear to form an amide, the rexpression 
proceeds as follows.
dacydt = K(Coa-atCM )2(Coe-aCoe) = K(C„-aC0)3 
where Coa and Coe represent the initial concentration of amide 
and ester, respectively.
da/dt = K[C0(l-a)]3/C0 = KC02(l-a)3 
j 1/ (1-a)3 da = KC02 J dt 
1/ (1-a)2 = 2KCQ2t + C 
This last equation shows that plots of l/(l-a)2 versus time, 
at various temperatures, will yield slopes of 2KC02. Dividing
the slopes in half would then yield effective rate constants
» • • 2 • for the reaction. For a solid state reaction, C0 is always
the same, and KC02 can be considered the effective rate
constant for the given temperature. Plots of l/(l-a)2 versus
time are shown for 80C, 120C, 160C and 200C in figures 3.19
through 3.22.
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Slopes of the l/(l-a)2 versus time plots demonstrate a 
wide variation with temperature. This is expected since the 
K values for reactions with orders above one are extremely 
temperature dependent. The rate constant is found at each 
temperature by dividing the slopes in half. Table 3.4 lists 
the results.
Table 3.5
temperature (C) rate constant (min~1)
80 (3.84 ± 0.05) * 10'3
120 (3.45 ± 0.1) * 10‘2
160 0.297 ± 0.015
200 28.9 ± 28.5
The Arrhenius equation relates the rate constant with the
activation energy and temperature.
K = Ae'E /RT
A is the Arrhenius prexponential factor, E* is the activation 
energy, R is the ideal gas constant equal to 1.987 
cal/(K*mole), and T is the temperature in degrees kelvin. The 
Arrhenius equation can be rearranged to the form
InK = (-E*/R)*l/T + InA 
The natural log of K versus inverse temperature, therefore, 
yields a slope of -E*/R and a y-intercept of InA. This plot 
is provided in figure 3.23.
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The slope cf InK versus inverse temperature is -(8.38 ±
0.4)*103K and the y-intercept is In -0.3. This means E is 
16.65 ± 0.08 kcal/mole and A is 0.74 min'1 (or 1.23*10'2 sec1) 
based on the premise,that the reaction order is three.
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13C-NMR studies on PMR-15, made by Dr. Kranbuehl's 
laboratory in 1986, indicate that complete imidization is 
favored over a stepwise process containing a stable amide 
intermediate.7 If an amide intermediate does exist, it 
converts to imide very swiftly. This theory seems reasonable 
since rapid imide formation creates five membered rings, which 
are favored by entropy.4 However, a recent publication by BP 
Research Centre claims to have observed the presence of amide 
intermediates using 13C-NMR.8 It was, therefore, necessary to 
duplicate some of the experiments to investigate BP Research 
Centre1s findings.
Inspection of their 13C-NMR data showed expected 
simularity to our own. The main source of contention was in 
the assignment of peaks. BP Research Centre's peak 
assignments are shown in figure 3.24.
Penk No. Chemical 
Shift (4)
Assignment
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1 193.50■ BTDE C7
2 NE Cs ,
3 173*80 NE RNECaO (amide)
4 168.4 BTDE C-0 (anhydride)
5 168.02 BTDE C=rO (acid)
6 167.41) BTDE C-0 (ester)
167.20)
7 166.70 BTDE C=>0 (amide)
8 166.40 BTDE Cs ,
9 164.50 BTDE (salt)
10 .141.86 HDA C3 (amide)
11 141.65 BTDE
12 141.22 KDA C3 (imide)
13 135.37 .BTDE C3
14 134.S3 BTDE Cs
15 134.53 NE C
16 131.93 BTDE fc,
17 130.31) HDA C4 (imide)
129.77]
IB 129.21) KDA C2>< (inide, ami
129.13) and amine)
129.00)
19 127.45) HDA C3 3^ (imide)
127.15)
20 123.94 BTDE • C-. 3
21 120168 HDA C3‘3 (salt)
22 119.78 HDA C3*3 (amide)
23 115.09 HDA C3[3 (amine)
24 52.85 BTDE .ester. 0CH3
25 51.78 NE C-j
26 45.38 ^  C-.j’
27 44.85 NE
BTDE
O
o
o
KDA R»anice
amide
imide
salt
CH
R
NE
FIG 3.24. BP RESEARCH CENTRE'S C—NMR PEAK ASSIGNMENTS FOR REACTED
PMR-15.
BP Research assigns an amide carbonyl peak at 173.80 ppm. 
In our peak assignments this peak is attached to unreacted NE 
acid/ester carbonyls.14,15 To support this assignment, nadic 
diacid, nadic diester, and NE were all run in DMSO, the same 
solvent used by BP Research Centre. Copies of the runs are 
presented in figures 3.25 through 3.27.
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FIG. 3.26. l3C-NMR OF NADIC DIESTER.
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P E A K L I S T I N G S
# HT P P M
1 44 39 . 08
2 124 39 . 34
3 95 3 9 . 6 0
4 65 39.91
5 61 40 . 18
6 19 4 0 . 4 3
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10 16 46 .19
11 16 47. 10
12 174 47 . 22
13 15 4 7 . 9 3
14 16 4 9 . 0 3
15 61 52 . S 9
16 38 97 . 29
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18 35 1 3 5 . 6 0
19 38 1 3 7 . 8 5
20 40 • 1 7 2 . 5 8
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FIG. 3.27. 13C-NMR OF NE.
All three samples show peaks between 172 and 174 ppm. The 
nadic diacid's peak at 173.64 ppm most nearly matches BP 
Research Centre's peak at 173.80 ppm. Such a peak in PMR-15 
seems, therefore, to be best explained by acid/ester carbonyls 
belonging to unreacted NE monomers, instead of amide 
intermediates. It should also be noted that nowhere in BP 
Research's assignments do they account for unreacted NE
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acid/ester carbonyls.
A second amide peak is assigned at 141.8 6 ppm. It is one 
in a series of three peaks found in the 141 ppm region. Two 
of the peaks are labeled MDA C1 carbons belonging to amide and 
imide products. Our 13C-NMR does not pick up these peaks. 
Regardless, it is confusing to understand how BP Research can 
be certain in their assignments. Two types of imides are 
formed in the PMR-15 reaction; MDA-NE imides and MDA-BTDE 
imides. These generate two types of MDA C1 carbons. 
Furthermore, each MDA has two equivalent C1 carbons. If the 
amine on one side of the molecule reacts, while the other does 
not, the equivalency is destroyed. Altogether, at least three 
types of MDA C1 peaks can be generated by PMR-15 imidization. 
The amide peak at 141.8 6 ppm could just as easily be a 
different type of MDA C1 imide peak.
BP Research places a third and final amide peak at 119.78 
ppm. This peak does not belong to the three monomers, 
therefore, its presence is due to some form of reaction 
product. BP Research assigns the peak to the equivalent MDA 
C3 and C5 carbons of a newly formed amide. The 13C-NMR of 
propionaniline, a similar amide molecule, shows their 
placement is reasonable.14 However, the peak does not appear 
in a partly cured PMR-15 sample, where MDA-NE imides are seen. 
This 13C-NMR is presented in figure 3.28. Notice that no peak 
exists in the 119 ppm region, whereas the imide carbonyl peak 
at 177.12 ppm does appear.
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PEAK LISTINGS
# HT PPM
1 25 18 .73
2 21 30 .87
3 22 38. 76
4 67 39 .04
5 141 39 ,32
6 171 39 .60
7 148 39 ., 87
8 41 40 .00
9 75 40 .15
10 24 40 .43
11 14 45 .07
12 14 45 .59
13 30 45 .74
14 28 46. 28
15 29 47. 45
16 27 48. 09
17 20 48. 38
18 22 51 .14
19 39 5 2 .98
20 25 56 .40
t>y :<x^H-c^i
L
# HT PPM
21 185 114 . 63
22 13 127.13
23 29 128 .76
24 16 129.06
25 149 129 .22
26 24 129.34
27 24 129 . 39
28 20 12 9.45
29 19 129.53
30 44 130.26
31 20 132.19
32 15 132.61
33 1 9 132.81
34 22 134.42
35 15 134.68
36 31 135.48
37 13 136.79
38 13 138.29
39 5 142.96
40 31 145 . 97
41 13 167 .19
42 12 167.30
43 10 168.01
44 14 168 . 08
45 10 172.87
46 15 173.49
47 7 177.13
T
200 150 100 50
FIG. 3.28. 13C-NMR OF PMR-15 WHICH HAS BEEN PARTIALLY CURED AT
TEMPERATURE.
PPM
ROOM
Since imides are present, and the system is only partially 
cured, it seems elementary that any existing amide peaks would 
also be present. In the exposure study, discussed previously
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in this chapter, peaks at 119.97, 120.21 and 120.35 ppm are
observed by day 28. This suggests that the peaks might be due 
to a reaction which occurs after hydrolysis of the sample. 
Whatever the case, it is not obvious how the peak at 119.78 
ppm can be definitively termed an amide.
In conclusion, 13C-NMR studies do not suggest the 
existence of a stable amide intermediate stage. The 
complexity of the reaction, and similarity between reactant 
and product peaks, make the assignments far too tenative.
CONCLUSIONS
FDEMS is a convenient and sensitive way to monitor 
changes within the PMR-15 polyimide system. FDEMS studies 
conducted at room temperature and 4 5% RH indicate that PMR-15 
becomes less viscous with increased exposure time. Probable 
explanations are water absorbtion and the reaction of 
acid/ester groups with water molecules. Acid/ester reaction 
is supported by a decrease in the number of BTDE acid/ester 
peaks present in 13C-NMR data with exposure time. Inspection 
of 1986 data shows that the changes observed in PMR-15 by 
FDEMS and 13C-NMR, are proportional to relative storage 
humidity.
Thermogravimetric analysis (TGA) was used to shed light 
on the kinetic parameters of the PMR-15 imidization reaction. 
The reaction was determined to be at least third order. The
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activation energy (Ea) and preexponential factor (A) were 
determined by assuming the reaction order to be three, and the 
relative orders of the amine and ester to be two and one. The 
values were found to be 16.65 ± 0.08 kcal/mole and 1.23*10’2 
sec'1 respectively.
A 13C-NMR study was conducted to investigate BP Research 
Centre*s report of observing a stable amide intermediate using 
the same technique. It was determined that the complexity of 
the reaction, and the similarity between reactant and product 
peaks, make peak assignments for to tenative for conclusive 
results.
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